Polycrystalline models are used for the calculation of the yield loci of hcp aggregates with different crystallographic textures. Predictions are made using both a classical Taylor Full Constraints (FC) approach and a viscoplastic selfconsistent (VPSC) formulation. Typical deformation modes for low and high temperature are assumed to be active. The vertex configuration of the Single Crystal Yield Surface (SCYS) and the relative activity of different deformation modes as a function of the applied stress are also presented and discussed. For low temperature, when twinning is active, a non centro-symmetric behavior is observed in textured polycrystals along the direction of the <c>-axis texture component.
INTRODUCTION
In the present work, we are concerned with the plastic response of textured hcp polycrystals. Uniaxial tests performed at low temperature on these materials demonstrate an appreciable non centro-symmetric response for those orientations of the testing axis along the predominant direction of the crystallographic <c>-axis. Picklesimer (1966) reported the appearance of this strength differential in Zrly-2 tubes with a strong concentration of basal poles at each of the principal directions of the tube. Similar measurements were reported for titanium (Lee and Backofen, 1966) and magnesium (Kelley and Hosford, 1968) . This effect is a consequence of the directional dependence of twinning with the sense of the applied stress (Hosford, 1993) . Twinning is an important deformation mechanism for low temperature plastic deformation in most hcp crystals. This clear-cut evidence on the relation between micro and macroplasticity could be regarded as a benchmark for testing different micro-macro approaches for modelling mechanical behavior of polycrystals.
The macroscopic plastic behavior of a polycrystal is a consequence of its crystallographic texture and the plastic properties of the constituent grains. Plasticity at the grain level depends on the topology of the Single Crystal Yield Surface (SCYS), a faceted polyhedron in the 5-dim stress space, which defines the locus of possible 514 R.A. LEBENSOHN AND C. N. TOMI yield states. and cubic aggregates (Canova and Kocks, 1984; Canova et al., 1985) using a Full Constraints polycrystal model. In particular, the work of Canova and Kocks (1984) on rolled fcc metals shows that the use of a viscoplastic approach in combination with a criterion of equal dissipated energy leads, for materials having a small rate-sensitivity, to essentially the same results as in the case of a rate-insensitive material. Canova (1988) also investigated the effect of grain shape on plastic anisotropy using a RC approach (Honneff and Mecking, 1981) . Tom6 et al. (1988) use a viscoplastic selfconsistent model based on an isotropic Homogeneous Equivalent Medium (HEM) assumption (Molinari et al., 1987) for the analysis of the plastic properties of Zrly-4 sheets. In this way, they are able to account for the effect of the high intrinsic plastic anisotropy of hcp single crystals on the macroscopic behavior. More recently, Lebensohn and Tom6 (1993) use a fully anisotropic viscoplastic selfconsistent (VPSC) formulation to predict the PCYS of rolled Zrly-4 samples at low temperature, finding a good agreement with the yield stresses measured in uniaxial tests performed on samples cut along the principal directions of the sheet. In all the previous cases, the use of rigid-plastic or viscoplastic models amounts to neglect the effect of anisotropic elasticity and internal stresses on yielding. As a consequence, the calculated polycrystal yield surfaces are consistent with a large offset-strain criterion for yielding (i.e.: all grains in the polycrystal are in the fully plastic condition). The same assumption is made in this work.
In what follows, we show predicted PCYS's corresponding to several textures, obtained by means of the FC and VPSC models. Different combinations of slip and twinning systems with different associated CRSS's were selected for the simulations. These combinations were chosen because they give good agreement with experimental evidence obtained for Zr deformed at low (Tenckhoff, 1978) and high temperature (Akhtar, 1973) , respectively. In addition, these sets of active deformation modes have already shown to be adequate for the simulation of deformation textures of Zr and Zr alloys (Lebensohn and Tom6, 1993; Table 1 , together with the notation convention used (after . Although the actual values of the CRSS's associated with these modes depend on different metallurgical variables grain-size, alloy-content, (0110) [2110] (1 100) [1120] ( 1 100 (Tenckhoff, 1974) indicates that the following relation holds: ffr, < w < z. In what follows we adopt the set of CRSS's used by Lebensohn and Tom6 (1993; (Tenckhoff, 1978 
The equivalent stress is defined as:
o",a (0"i.i figure 3 . This figure displays the relative activity of the deformation modes as a function of the angle o, formed by the direction of resulting deviatoric stress and a fixed direction in the zr-plane for the axial texture case (texture A, in figure 1 ). The vertical lines in each graph mark the angle z associated with an uniaxial tensile (+) or compressive (-) stress state along the sample's principal directions. It is evident that the statistics are completely different for each type of calculation. In the FC case, the activities of both twinning modes are higher than the prismatic slip activity, irrespective of the orientation of the imposed strain. In the VPSC case, on the other hand, the easiest pr<a> slip is the most (Lebensohn and Tom6, 1994) . Table 4 shows the notation for the 24 pyr<c+a> systems and , and the topological domain for the CRSS's considered here is the one that those authors label 'al'. We can distinguish three types of vertices: a) only ttw (#1), b) both ttw and pyr<c+a> (#2 to #16) and c) no ttw (#17 to #37). Unlike the former case, the intersection of ttw and pyr<c+a> facets to form a vertex (v.g.-type (b), #2 to #16) is not a priori forbidden for physical reasons. Also in relation with this example, figure 4 displays the projections of the predicted PCYS for A, R, T and random textures for the aforementioned combination of CRSS's. As in the previous case, this set of CRSS's determines a highly anisotropic plastic behavior due to the difference between the yield stresses of the active mechanisms in tension (i.e.: tensile twinning) and in compression (i.e.: pyr<c+a> slip) along the <c>- (Akhtar, 1973 figure 6 . In this case, when twinning is not present, the difference between FC and VPSC predictions are not as marked as in the low temperature cases. The PCYS projection is (appreciably) different for each of the four different input textures but, on the other hand, all of them are centro-symmetric, i.e.: the strength differential disappears when twinning is prevented. The centro-symmetry of the predicted PCYS is also reflected in the plots of relative-activity vs. applied stress for the axial texture case (figure 7). Evidently, all curves are periodic with a period of 180 degrees. As in the previous cases, the main difference between the FC and VPSC is in the activity of the hard pyr<c+a> mode. While in the FC case it is appreciably high, in the VPSC case it is always negligible except for stress states close to uniaxial tension or uniaxial compression along the basal texture component, when the strain must be mostly accommodated along the <c>-axis of the crystallites. Besides the viscoplastic approach, a model based on an elastoplastic formulation could also be applied to the calculation of the yield behavior of a textured polycrystal. An elastoplastic model for PCYS calculation requires to define a precise value for the offset strain associated with the initiation of macroplasticity. As shown by Canova (1988) , the shapes of the PCYS calculated by means of an elastoplastic model can differ drastically depending on the offset strain criterion chosen. The elastoplastic and viscoplastic results become comparable when the offset strain is selected to be large enough for assuring a fully plastic condition in all the grains. A comparison between elastoplastic and viscoplastic approaches for PCYS calculation together with the role of the internal stresses on the yield behavior of hcp polycrystals are subjects of a future paper (Turner et al., 1996) .
